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, for six different an-

of the terminal function for the terminated, modified Beverage ant as. 'he
section on the two-element Beverage arrav concludes with a | iscussion of
measurements made on two coupled Beverage antennas in a coll confipuration.
Tables of the currents measurcd on one element f a two-element collinear arrav
of Beverage antennas over fresh- and salt-water solutions when driven svmmetri-
cally and antisymmetrically are provided. Thev are seen to be like those on

the same element when isolated.
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EVALUATION

This Final Report summarizes the work on single and two element
Beverage antennas. The intent of the effort was to develop and
experimentally verify an expression for the current along a single
Beverage antenna that would completely characterize the structure over
a variety of ground parameters and antenna heights typical of those
encountered in OTH radar systems Measurements on arrays of two
Beverage artennas in the parailel and endfire geometries over the
heights and ground parameters of the single element case showed that
interelement effects are of little concern. A current expression ftor
these arrays was also developed and checked against the measurements.
The study provides the basic information on Beverage antennas fiom which
system parameters such as gain, front-to-back ratio etc. can be developed.
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I. Introduction

The originally developed theorv of the horizontal-wire antenna involved
the implicit assumption that radiation into the air is negligible compared
with the power transfer into the imperfectlv conducting or dielectric half-
space (earth). This is a good approximation when the antenna is quite close
to the earth (d/)\O < 0.02). In order to peneralize the theory to higher an-
tennas, account must be taken of radiation into the air. Since this chanpes
the current from the simple transmission-line form to the much more compli-
cated distribution characteristic of an isolated antenna as the heipght is in-
creased, a rigorous solution of the problem is difficult. Fortunately, the
transmission-line form is a reasonable approximation for heights up to at
least a quarter wavelength and the effect of radiation into the air can be
treated approximatelv as a property of the open end in the shape of a lumped
terminating impedance. This generalization and its experimental verification

is described in Section II.

A theorv of coupled parallel horizontal-wire antennas is derived and
confirmed experimentallyv in Section III. The theorv is approximate in the
same sense as the earlier theorv of the single horizontal-wire antenna in
that radiation into the air is neglected and a limitation to small heights
is imposed. This restriction is then modified bv the introduction of suit-
ably defined terminal impedances to take account of radiation into the air
as an end effect. The numerical values of the terminal functions are deter-
mined from comparisons of measured and theoretical current distributions.
Section III concludes with a brief description of measurements made on two
coupled collinear Beverage antennas placed over fresh- and salt-water solu-
tions. The results show that the coupling between the elements is generallyv

negligible.

Finally, in Section IV a list has been prepared of the Scientific Re-

ports, published papers and papers presented at Scientific Meetings that

have been supported by RADC/ETER Contract F19628-706-C-0057.




I1. The Singple-Wire Beverage Antenna
A. Circuit Properties

The results of a theoretical and experimental study of the circuit prop-
erties of single-wire antennas placed horizontallv above an imperfectly con-
ducting half-space have been reported ['"The Beverage Wave Antenna: Currents,
Charpes and Admittances. I. Theoretical Analysis; Fxperimental Fquipment and
System Calibration. II. Experimental Measurements,'" Scientific Report No. 1

(Vols. I and I1I), RADC/ETER Contract F19628-76-C-0057, by R. M, Sorbellol].

This investipation gave particular emphasis to the Beverape wave antenna, a
special tvpe of horizontal-wire antenna placed in close proximity to the
earth and resistively terminated at each end. Tarlier work has generally as-
sumed a free-space wave number on the wire, thus neglecting the effect of the
half-space. The present study has carefully investipated experimentallv the
effect of the half-space on the circuit propercties (current, charge and input
admittance) of the antenna and has included this effect in all theories dis-
cussed. A brief summary of the theoretical developments and experimental re-

sults contained in Scientific Report No. 1 follows.

To begin with, the conventional desipn of the Beverape wave antenna was
modified in Section 1.5 to eliminate the manv difficulties encountered when
the proper pround conditions cannot be achieved. It was necessary to devise
a driving method which would avoid making phyecical contact with the ground.

nis was accomplished by loading the wire both with a resistor and a quarter-
wavelength-lonp section of transmission line. The proper resistor is chosen
to obtain a matchlied condition on the line. The quarter~-wavelength section
transforms back to the resistor as a high reactance or short circuit and re-
presents a pseudo-ground connection at that point. This desipn avoids the
problems of the original prounding system and possesses all the desired prop-

erties of the conventional Beverape antenna.

The modified Beverage antenna was then analyzed in Section 1.6 by simplyv
extending the theory of King, Wu and Shen, summarized in Section 1.2, for the
unloaded horizontal wire over an interface to cover the case of loaded wires
as well. Standard transmission-line techniques were emploved to obtain the

current distribution on an asymmetricallv driven, doublv loaded horizontal-

wire antenna over a dissipative medium for the general case with any combina-

.4




tion of lengths and values of loads. The special cases of symmetrically and

asymmetrically driven, modified Beverage antennas with Zl = 22 = ZC and 22 =
£, = )I/Q are then treated in Section 1.7.

The construction and operation of the experimental equipment are dealt
with in Part II of Scientific Report No. 1 (Vol. I). It bepins with a sec-

tion on the scale modeling of the electrical properties of a dissipative med-

ium. The criteria involved in selecting an operating frequency of 300 Miz
are then discussed in Section 2.2, These include 1) keeping the electrica!
radius of the wire a small fraction of a wavelength, 2) allowinp the lenpth
of the antenna to vary by several wavelengths, 3) assuring the dimensions of
the tank will approximate an infinite half-space, 4) and keeping the smallest

antenna height above the half-space, e.g., .01 large enough to maintain

)‘0’
constant spacing over the length of the wire. Separate apparatus for meas-
urements over water and over earth are described. The different equipment

and techniques used to measure the electrical properties of water and of !
earth are presented in Sections 2.5 and 2.6, respectively. Error estimates
are piven of the effects of the finite size of the tank and the accuracy of

the measuring probes. Finally, the methods of calibrating the impedance,

current and charge measurements are discussed in Section 2.8.

The measured distributions of current and charpge and measured input ad-
mittances are presented in extensive graphs and tables in Part III of Scien-
tific Report No. 1 (Vol. II). Current and charge measurements were made on
unloaded horizontal-wire antennas and on modified Beverage wave antennas of
length h/xo = .5, 1.0 and 1.5 at heights of d/A0 = 0L, .02, .05, .1 and <25
above three different media -~ fresh water (er = 82, 0 = .092 mho/m), salt
water (er = 81, o = 3.9 mhos/m) and moist earth (t:r = 11.4, o = .0022 mho/m).
The closest height for all moist-earth measurements was d/l0 = ,02. Admit-
tance measurements for the horizontal-wire antennas were made for lengths
ranging from h/l0 = .013 to 1.5. Only four lengths, QI/AO = 255 <95 1.0 and
1.5, were used when taking admittance measurements on the modified Beverage
antennas since the input admittance remains practically constant for increas-

ing antenna lengths.

The measured data were normalized in most cases to the accompanying

theoretical curve at z/h = .2 or to a smooth part of the curve in the immed-

iate vicinity of this point. Discrepancies between the experimental results
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and the zeroth-order theory of King, Wu and Shen were observed in a larpe
number of cases. For the moist-earth measurements (where the apreement was
poorest), these variations could be attributed in part to the violation of

condition (1.3b), viz., |k

2| >> !kl!. For the fresh- and salt-water measure-
ments, the fact that the discrepancies hecame more pronounced as d/A0 was in-
creased above .02 led to the conclusion that the spacing was too great to sus-
tain the transmission-line-like form of current predicted bv the zeroth-order
theory and that, instead, the antenna behavior was approaching that of an an-
tenna in free space. Fnd effects were also believed to account for some of
the disagreement found with all three media. (This initial assessment was
later changed and end effects were shown to be the major source of the dis-
agreement. The final theoretical formulation which includes end effects is
described later under Subheadinp C.). A semi-empirical approach was developed
to overcome the significant deviations existing between experimental and the-
oretical results. The zeroth-order formulas for the current, charpe and ad-
mittance were used with the theoretically predicted wave number replaced by

a measured effective value, defined as the wave number observed on the un-
loaded dipole antenna. This approach produced pood agreement with the exper-
imental data for the distributions of current and charpe, poorer apreement

for the admittance.

In Part 111 (Vol. II) of Scientific Report lo. 1 the experimental data
are compared with the King, Wu and Shen theory for small values of d/}.0 = s
and .02) - i.e., where these agree well - and with both the semi-empirical ap-
proach and the theory for the larger values of d/xn - where theoryv and experi-
ment no lonper correspond. For fresh- and salt-water measurements on unloaded
horizontal antennas, noticeable disapreement hetween theorvy and experiment
first appears at d/lo = ,05 and .1 and is mainly confined to the attenuation
Gy The apreement between the semi-empirical approach and experiment for
d/kn = ,05 and .1 is pood except for the admittance near first resonance.
The semi-empirical approach provides only an approximate representation of
the current and charge for d/)“ = ,25, and even poorer agreement for the ad-
mittance. A look at the results for modified Beverape wave antennas over
fresh or salt water shows overall better apreement between experiment and
both the purely theoretical values (fairly good up to df‘w = ,1) and those

obtained using the measured effective wave numbers (pood apreement even for

d/\q = ,25 except for the admittance).
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King's theory does not compare well with experimental data for any of

the antenna heights studied when moist earth is the dissipative medium be-

1 ‘
semi-empirical approach also shows poorer arreement for the moist-earth meas-

cause |k,| >> |k is not strictly true and also because of end effects. The

urements than for those over fresh or salt water. It gives satisfactory agree-

ment for the current and charge distributions on unloaded horizontal wires at
heights up to d/An = .1, while the admittance is poor at d/.«[J = ,1 especially

in the second and third resonances. On the other hand, the semi-empirical

approach does agree well with experiment for the distribution: of current and

charge on modified Beverage antemnas at heights up to and including d/4 =
.25 over moist earth. The admittance of these modified Beverape antennas
shows variations in the susceptance at all heiphts greater than d/;” = .02,
It is interesting to note that, although ;yqf > :L]’ for moist earth at 300
MHz, at much lower frequencies for which P 0/we becomes increasingly
larger and the earth acts more like a conductor, the condition |k,| >> |k

1

can be obtained for moist earth. Under these conditions, one can expect that

King's theory will hold in a manner analogous to the water cases.

B. Radiation Field Patterns

The results of a theoretical and experimental investigation of the
transmitting and receiving properties (far-field radiation patterns) of hori-
zontal-wire antennas placed over an imperfectly conducting half-space have
been reported ["The Beverage Wave Antenna: Radiation Field Patterns," Scien-
tific Report No. 2, RADC/ETER Contract F19628-76-C-0057, by R. M. Sorbello].
Particular attention is given in this report to the Beverage wave antenna.
Early work by Sommerfeld showed that the radiation from a dipole above an
imperfect earth could be separated into a space wave (which could reflect off
the ionosphere and which predominates at larpge distances above the earth) and
a surface wave (which could diffract around the curvature of the earth and
which dominates close to the surface). Because of the difficulties involved
in solving the Sommerfeld integral formulation, asymptotic approximations
valid in the radiation zone have generally been emploved to solve this prob-
lem. The useful approximate forms developed earlier by Norton have been used
in this study, the only difference being that in the present analysis the

exact expressions for the antenna current are used rather than an assumed

current distribution. An expression for the space-wave radiation pattern is




formulated using a "geometric optics'" approximation, while the superposition
principle is used to sum the fields of individual infinitesimal dipoles to
obtain the surface-wave radiation pattern. Fxpressions for a number of use-
ful antenna parameters (efficiencv, front-to-bacl ratio, antenna gpain, and

effective length) are then derived.

A series of experimental measurements were made both to verifv the ac-
curacy cof the approximate theoretical formulation and to verifv that the asym-
metricallv driven, modified Beverape antenna can te used to obtain unidirec-
tional surface-wave and space-wave radiation patterns that are equivalent to
those of the conventional Beverase antenna. !easurements were made of the
vertical component of the surface wave (the major field component in the
radiation zone) of modified Peverage antennas, l.”)n in length, placed at
heights ranging from d/A0 = ,01 to d/AO = .25 over fresh water (zr = 81, o =
.062 mho/m) and drv earth (cr = 4.3, o = ,0013 mho/m). The operating fre-
quency of 144.06 !z used in the experimental nodel corresponds bv a scale
factor of 5 to a full-scale frequency of 30 MI'z. Descriptions are given of
the experimental apparatus including the special polvfoam support structure
and balun required in order to drive asymmetrically the modified Beverage an-

tenna over both earth and water.

The abilityv of the modified Reverage antenna to launch a unidirectional
surface-wave radiation pattern is clearly evident. In use over both fresh
water and dry earth, front-to-back ratios of 20 dB can be obtained. The main
radiation lobe is quite broad with half-power beamwidths of about 80°., Al-
though no measurements were made to confirm this fact, unidirectional char-
acteristics should also hbe exhibited in the space-wave radiation pattern.

The conclusion is reached that modified Peverage antennas should he excellent
elements in hipghly directive broadside arravs. Measurements made to deter-
mine the effect of the antenna spacing and the properties of the half-space
on the radiation patterns indicate 1) that when properlv matched the vertical
surface-wave pattern appears to he fairlv insensitive to changes in height in
the .01 < d/A0 < .1l range and 2) that for (!/)n = ,25 a sienificant loss in
directivity is noticed along with changes in the shape of the pattern at

¢ = 0°. These seem to be attributable to the chanping nature of the antenna

current distribution from one that is predominantlv transmission-line-like to

one more characteristic of an antenna in free space.




C. Theoretical Refinements

As indicated earlier in the discussion of the circuit properties, the
use of a measured effective wave number did not provide as satisfactory or
complete an explanation of the discrepancies hetween the measured and purely
theoretical results as had been hoped. A number of theoretical and experi-
mental investipations were performed consequentlv to resolve this problem.
These are described in Section 1.8 of Scientific Report No. 1 (Vol. I). A

summaryv of the major developments follows.

A closer examination of the problem by Professor T. T. Wu led to the
postulate that as long as h/d remains large, the transmission-line form of
the current will be valid and the theoretical expression (1.7) will give the
correct wave number. If true, this would replace the more restrictive condi-
tion on d given in (1.3c¢c) and would suggest that the ohbserved discrepancies
are not due to d/A0 being too larpge. An experimental procedure was developed
to verify this postulate. In order to eliminate all influence of end effects,
the decision was made to use short-circuit terminations since the imaging ef-
fect of the short circuit, whereby the antenna appears to be doubled in
length, provides a termination with almost ideal characteristics. With open-
ended antennas this could be accomplished only if the wire were infinitely
long. The measurements were made on terminated antennas, I.SXO in length,
placed over a fresh-water solution (er = 82, 0 = ,092 mho/m). The short-
circuit termination was made out of a large 4' by 4' aluminum sheet. The
cumulative effect of the two image planes, the one apainst which the antenna

is driven and the terminating plane, is to create a successive series of

images that gives the appearance of an infinitely long antenna. If Wu's
postulate is correct, the measured wave numbers should agree with the theor-
etical results obtained from (1.7). The agreement is found to be excellent
with less than a 5% error occurring for spacings up to d/)‘O = ,25. Addition-
al measurements made on finite antennas indicate that for values of h/d ; 10
it is possible to use King's theorv and have (1.7) pive the correct wave

number.

It follows from these measurements that end effects are indeed the pri-
mary cause of the disapreement oripinally found between the theoretical and
experimental values of current, charpe and admittance for loaded and unloaded

horizontal-wire antennas over an imperfectly conducting half-space. In fact,
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it can be shown that these end effects are related to the actual radiating

mechanism of the antenna. In King's original theory the wave number for the
antenna was derived with the assumption that radiation into the air is nepli-
gible compared to radiation into the dissipative medium. When d/AO becomes
sufficiently large and the influence of the half-space begins to diminish,
the antenna can begin to radiate a significant amount of enerpgy into the air.
This added loss can be observed in the measured effective ay which is larger
than that predicted by theory for d/AO > .05. Because an analytical solution

promised to be too complex, the following experimental approach was developed.

For d/A” not too great, the loss associated with radiation into the air
can be accounted for by a complex terminating impedance 74, the real part of
which is the resistance associated with radiation into the air while the im-
aginary part is the reactance associated with the capacitive end effect at
the open end. The original theoretical formulas for the current, charge and

admittance were modified to include the complex terminal function €& =

P = i®s = cotb—l(ZSIZF). A computer program to determine 6 _ from a least-
squares fit of the measured and theoretical current distributions was then
developed. With the Py and ¢q values determined numerically from the meas-
ured data, the new semi-empirical tHoory was compared to several cases of
previously measured data for all three media. 1In all cases onlv the theorer-
ical values for kL given by (1.7) were used. For the fresh- and salt-water
measurements the agreement is very good. At the driving-peoint there is some
variation which tends to increase with d/kﬂ. This is to be expected since
the semi-empirical theory does not include anv corrections for junction ef-
fects. Disagreement also occurs in the admittance curves when d/\“ NP L -
appears that at this heipght a higher-order theorv is necessarv for the admit~
tance. Finally, for the moist-.arth measurements a correction term to (1.7)
remains to be developed which would provide theoretical wave numbers in
agreement with measurements. Once an accurate analvtic expression for the

wave numbers 1s known, the new semi-empirical theorv should he applicable

for .02 < d/ko < .25 even when condition (1.3b) is not strictlv satisfied.

The usefulness of the terminal function in extending the theorv to great-
er antenna heights is demonstrated in the following paper which compares the~

orv and experiment for short-circuited (effectivelv infinite), open-ended

(finite) and terminated (Beverage) antennas over fresh and salt water.




D. The Horizontal-Wire Antenna Over a Dissipative Nalf-Space:

Generalized Formula and Measurements

It is shown and verified by experiment that a horizontal resonant cor
traveling-wave antenna placed in air close to a dense half-space with the
properties of lake or sea water or earth behaves like a terminated lossy
transmission line. The terminal impedance is related to the radiation of the
antenna into the air and the complex wave number and characteristic impedance
are those of an infinitely long line. The complex wave number takes account

of both dissipation in and radiation into the dense half-space.

* k%

1. The Infinitely Long Horizontal-Wire Antenna

It has been shown [1] that the infinitely long horizontal-wire antenna
sketched in Fig. 1(a) behaves mathematically like the transmission line in
Fig. 1(b) when, as indicated, it is placed in air close to a dense half-space

-like a lake, the sea, or the surface of the earth where this is moist. The
equivalent transmission line is characterized by a complex wave number kL =
By = 3%
and Zc are given in [1, eqs. (28) and (30)) subject to the condition

and a complex characteristic impedance ZC. Simple formulas for kL

2

1,

| >> lk§| (68
where k& is the complex wave number of the dense half-space and k2 - RO = w/c
is the real wave number of air. A more general but also considerably more in-
volved formula for kL which is valid when lki/kgl > 4 is given in (2, eq.
(10)]. When (1) 1is satisfied, radiation into the air is neplipible and the
attenuation constant a. takes account of both dissipation in and radiation

L
into the lower half-space.

.

An infinitely long horizontal-wire antenna can be approximated in prac-

tice by an antenna of finite length between two sufficiently larpe vertical
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FIG. 1 (a) INFINITELY LONG HORIZONTAL-WIRE ANTENNA
PLACED IN AIR OVER A DENSE HALF-SPACE.
(b) MATHEMATICALLY EQUIVALENT, INFINITELY
LONG LOSSY TRANSMISSION LINE.




ground planes as shown in Fips, 2(a) and 2(b) for two methods of driving.

With the images in the ground planes these structures correspond to infinite-
lv long, multiply driven and multiply loaded antennas. In Fig. 3 are shown
in solid lines the theoretical phase constant fL and attenuation constant ay
for the current on the horizontal monopole shown in Fie. 2(h) at a height d
over water with relative permittivity €. > 82 and conductivity ¢ = 0.092 Si/m
at f = 300 MHz., With Zs = () in Fig. 2(b) the monopole was terminated in a
nearly perfect short circuit. The corresponding measured values obtained as

described in Section III are shown in Fig. 3 by small circles. The agreement

1s seen to be excellent over the range 0 < d/k0 < 0.15. Measurements were
also made at d//\O = 0.25 where the theoretical values are ?L/F” = 1.000,
nL/ﬁo = 0.00060; the corresponding measured values are FL/”O = 1.004, WL/"“ =
0.0059 with k, = 8. = 27 m-l. It is seen that for horizontal-wire antennas

0
terminated in short circuits at hoth ends (ground planes perpendicular to the
wire and the dissipative half-space) the transmission-line form given in [1]

vields excellent results for k_ = i at least when 0 < d/A“ < 0.25.

B
L L
The formula for the current at a distance z from the base of a monopole

with a short-circuited end is

I(z) = -3V, cos[k (h - Ez‘)]/zC sin(k h) (2)
(For the dipole shown in Fip. 2(a) but with 75 = 0 the same formula applies
with an added factor 2 in the denominator.) Theoretical graphs of the cur-
rent I(z) given bv (2) and the charge per unit length q(z) obtained from (2)
with the equation of continuitv, 3I(z)/3z + jwq(z) = (0, are shown in Fips. 4a
to 4f for d/AO in the range from 0.01 to 0.25;: AZ = AO = Zn/GO is the wave-
length in air. The length of the monopole between the vertical ground planes
is h = 1.SAU. The measured points in the distributions of bhoth current and
charge per unit length are in excellent apreement with the theoretical curves
over the entire range 0.01 < d/xn < 0.25, These graphs in conjunction with
the attenuation and phase constants in Fip. 3 provide basic information for
understanding the operation of the short-circuited horizontal-wire antenna
over a general medium - in this case, water with " 82 and a conductivity

o = 0,092 Si/m which is onlv sliphtly above that of lake water. At f = 300
MHz the loss tangent p = g/we = 0.067 indicates that the water behaves like a

very good dielectric.

11
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With d//‘\0 = (0,01 for which u!/f*I = 0,147, the current and charge per

unit length in Fig. 4a have a low standinp-wave ratio (SWR) with a nearlv
linear phase as a consequence of close coupling to the adjacent water and the
transfer of much power into it. With d/A” = 0,02 and aL/FL = 0,096, the S\R
is considerably larger. It rises rapidlv as d/,‘«0 is increased to 0.05 with
aL/BL = 0.039 and then to d/Xo = 0,10 with aT/PL = 0,018, Finallv when d/lu
= 0.13 and 0.25, GL/BL = 0.013 and 0,006, the SWR is hiph = near 30 for the
larger height. The distributions of current and charge are like those on a
low-loss transmission line with little power transferred to the water and
radiation into the air quite small. The rapid changes in the distributions
of current and charge as the height of the wire is increased from d/AO = (0.01
to 0.05 and the slower chanpes as d/AO is further increased to 0.25 are a
consequence of the decreasing ccupling between the antenna and the water-
filled half-space. The effect of the proximity to the water increases rapid-
lv when d/)\0 is smaller than about 0,05 as seen in Fip., 3 in the praphs for
aLIBO and BL/BO. Since the water is acting like a dielectric, most of the
power transferred to it from the antenna is not dissipated locallv in conduc-

tion currents but transmitted over larpe distances as radiant energy.

2. Horizontal-Wire Antenna of Finite Length

When a center-driven horizontal-wire antenna of finite length 2h and

with open ends is located in air above a dense half-space as shown in Figp.

5(a), radiation into the air is nepligible only when k7d1 << 1, d.e., the
height d is a very small fraction of a wavelenpth of th; order of d/x0 < 0.05.
Furthermore, when d/A0 > 0,05, radiation into the air, unlike radiation into
the adjacent dense half-space, cannot be included in the attenuation constant
as a distributed load. However, if the height d/x0 is not too larpe, it can
be approximated by a terminating load 75 across each open end as indicated in
the equivalent transmission-line circuit shown in Fig. 5(b). Similarly, the
equivalent circuit for the horizontal monopole with open end [Fip., 2(b) with
ZS = 0 and the ground plane on the ripht removed] is like that in Fip. 5(b)
with the transmission-line section to the left of the penerators replaced by
a short circuit. The current distribution I(z) on the terminated line re-

maining on the right in Fig. 5(b) is [3]:

I(z) = 3, sin[kL(h - |z - jES]/ZC cos(kLh - jes) 3)

20
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(For the center-driven line in Fip. 5(b) the same formula applies with an

added factor 2 in the denominator.) In (3) h is the length of the line and

s N j“u>g = coth-l(Zglzc} is the complex terminal function. The real

part of Zs is the resistance associated with radiation into the air, the
imaginarv part is the reactance associated with the capacitive end effect at
the open end. The complex terminal function 05 for the cirecuit in Fig. 5(b)
has not been determined analvtically, but it can be obtained by measurement.
The current along the antenna shown in Fig. 5(b) is determined by six quanti-
ties, viz., the real and imaginary parts of the complex wave number kL‘ the
real and imaginaryv parts of the complex terminal function ﬂs, and the ampli-
tude and phase of the voltayge VO' These six parameters can be adjusted to
yvield a good match between the experimental data for the current and the

theoretical formula (3). (Alternatively, theoretical values of a_ and HI can

L
be used and tlie other four parameters adjusted to obtain a pood fit.)

The values of s B[, o, and °s obtained from the currents measured on a

horizontal monopole with open end over the same water used with the monopole
terminated in an ideal short circuit are also shown in Fig. 3. The points
calculated from the measured data are shown by crosses. It is seen that the

values of BL and a, are in good agreement with theorv and with measurements

L
for the short-circuited antenna. However, with the open end the values of g

and ¢S shown in Fig. 3 were also obtained. With a short-circuiting ground
plane at the end, By 0 and ¢s = n/2. Note that if with the open end radia-

tion into the air were ignored, the quantity ai = a - oq/h would appear as

the attenuation constant. This yields the dotted curve shown in Fipg. 3 in-
stead of that in solid line. When d/)\0 > 0.05, the apparent attenuation con-

stant ai increases rapidly to values that are much larger than a . A similar

error would be made in BL if Ri = RL

stant., It is clear, therefore, that when a horizontal-wire antenna has open

+ @s/h were treated as the phase con-

ends or is terminated in any impedance other than the ideal short circuit
provided by larpe ground planes, the more general formula (3) for the current
must be used. This reduces to (2) when es 2 0, as when d/k0 is sufficientlv
small. Typical graphs of the currents on a resonant and a traveling-wave an-
tenna are shown in Fips. 6 and 7, respectively. The antenna was l.OA0 in
lenpgth with a resistor and quarter-wave section added for the travelinp-wave

case. Theorv and measurements are apain in excellent apreement,

3]
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Graphs of the theoretical values of "1/"'0
long antenna and the values determined from the measured currents when h/;“ =

and OI/VO for an infinitelv

1.5 for a monopole with open end over salt water are shown in Fig. 8 topether
with the associated terminal functions o and 65. The quantity (HL/:” *
;S/roh) is also shown. The apreement for QI/P” is pood for the entire range

0.01 < d/?\U < 0.15; the difference between the theoretical and measured values

of %L/bo is near Y%.

3. Description of the Fxperiment

Distributions of current and charge per unit leneth were measured along
an antenna extended horizontallv from a vertical aluminum eround plane at a
height d over a large tank filled with water as sketched in Fip. 9. The an-
tenna was variable in length and made of brass tubing 3 mm in outside diam-
eter. Its end was left open for studving a resonant antenna; it was con-
nected to a suitable resistor (220, 270 or 330 ohms) in series with a quarter-
wavelength section of brass tubing .o obtain a travelinp-wave antenna, and
directly to a second vertical metal pround plane when a short circuit was
needed. In order to make reflections from the walls and bottom of the tank
neplipgibly small, sufficient salt was mixed with the water. With o = 0,092
Si/m - a value only slightlv higher than the conductivity of some lakes,
e.g., Mystic Lake near Cambridge, “ass. with o = (0,96 Si/m - the tank behaved
substantially like a dielectric at the operating frequency f = 300 “MHz since
the loss tangent p = o0/we = 0.067. More salt was added to make o = 3.9
Si/m for measurements over the equivalent of sea water. The heipht d of the
antenna was varied over the values d/A0 = 0,00, .02, 005, 0.1, 0.13 and
0.25., Details of the construction of the ground plane and the water tank are

piven elsewhere [4].

4. Discussion of Results and Conclusion

Fxcellent agreement between the peneralized transmission-line formula
and measured data has been obtained for the antenna terminated both in a
ground plane and in an open end. With the former, radiation into the air is

negligible when d/AO z 0«25 and h = 1.5 and virtuallv the entire transfer

n’
of power is from the antenna into the adjacent electrically dense medium

where it propagates as outward-traveling electromagnetic waves when the

N
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dielectric properties of the medium dominate (0/we << 1) and is dissipated by
local conduction currents when the conducting properties are sufficiently
large (o/we >> 1), With the latter, a small but significant fraction of the
power in the antenna is radiated into the air. The relative importance of

the radiated power in the air increases with d/X it is generally negligible

3
when d/)\0 < 0.05 and is adequately represented bS a terminal impedance when
d/)\O < 0.15. When d/AO is sufficiently large, the simple terminated trans-
mission-line form (3) for the current ceases to be adequate and the distribu-
tion characteristic of an isolated antenna is approached [5], [6]. The
transition has not been investigated.

q
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IITI, THE TWO=-ELEMENT BEVERACE ARRAY

A theoretical and experimental investiecation of the circuit properties
of coupled horizontal-wire antennas above an electricallv dense dissipative
half-space has been completed. In Section A the theorv develored for tvo
coupled parallel horizontal antennas is presented and compared with measure-
ments made on coupled antennas over fresh- and salt-water solutions, ince
the validitv of the simple theoretical formulas is confirmed, the orieinally
planned measurcments over an actual earth were deemed unnecessarv, A brief
description of measurements made on two coupled collinenr Peverage antennas

then follows in Section B,

A. Coupled Horizontal-Wire Antennas Over a Conducting or Dielectric

Half-Space

The properties of two coupled horizontal-wire antennas over a homorene-
ous isotropic half-space are derived, The complex wave number, distribution
of current, and admittance of the antennas are determined for svmmetrical and
antisvumetrical excitations. The wave number of the half-space is assumed to
be larg: in mapnitude compared with that in air. The theorv of the coupled
horizontal-wire antennas is extended to take account of radiation into the
air and so enlarge its ranpe of validity while preserving the transmission-
line form. This is accomplished bv incorporating the effects of this radia-
tion and of the capacitive end correction for the open end in a lumped termi-
nal impedance which is conveniently represented bv a conmplex terminal func-
tion., This function is determined from a least-saquares fit of the measured

and the theoretical current distributions.
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1. INTRODUCTION

In a recent paper [EEEE-EE al., 1974] the properties of a horizontal-
wire antenna over a homogeneous isotropic half-space are determined when the
complex wave number characteristic of the half-space is large in maenitude
compared with the real wave number of the air. These solutions are obtained
from those of the eccentrically insulated dipole in a general medium [Wu et
al., 1975] through a limiting process. When two center-driven dipcle anten-
nas are placed parallel to one another and to a conducting or dielectric
half-space at the same height d above it and with a distance 1. between then
as shown in Fig., 1, the currents and charpes in each antenna not only inter-
act with the induced currents and charges in the dissipative half-~space but
also with the currents and charges in the other antenna. The exact calcula-
tion of the interaction is difficult except when the half-space is perfectly
conducting. In this case, with the help of image theory the problem reduces
to that of four identical parallel antennas at the corners of a rectangle
with the dimensions 2d and L. The antennas separated by the distance 2¢ are
driven by equal and opposite penerators [Fing, 1956]., When the half-space is
not perfectly conducting, an exact analysis is complicated. However, if the
method of solution in the previous paper [Eﬂ et al., 1975]) is used along with
a limiting process similar to that used in [Eiﬂﬂ et al., 1974}, an approxi-
mate solution for the currents in the coupled antennas can be obtained. The

same limitation on the wave numbers of the media is assumed.

2, APPROXIMATE SOLUTION FOR THE CURRENTS IN COUPLED INSULATED ANTENNAS

A solution for the current in a center-driven, eccentrically insulaied
antenna has been obtained [¥u et al., 1975]. A similar structure with two
conductors 1u a circular cylindrical insulation is shova in Fig. 2. 1lhe rad-
ius of the insulation is b, that of each conductor is a. The avis of each
conductor is at a distance D from the axis of the insulator or at a distance
d=Db~-D from its surface. The radii to the axes of the two conductors sub-
tend an angle 280. The wave number characteristic of the insulating material

172 1/2

is kZ = 8 + {a, = u[w(r? + iczlu)] = m(uﬁz) « The wave number char:c=-

2 2
tericstic of the ambicnt nedium in the range b < r ¢ o is k, = g, + 14, =
1/2 T R
2 = f;(':f./)
+

m[u(ca + iﬂa/m y where g, is the real phase constant and q,
the real attenuvation constant. It is assumed in the analysis that the

a
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following conditions are satisfied:

4

2
AL

’ Ikzd' <% 1 o
L= 2b80 >d > a 2) |

Let two infinitely lonp conductors te considered first. he electric
field on each wire can be obtained from a superposition of 1) the field cn
the wire due to the current in the wire itself, and 2) the field on the wire
due to the current in the second wire. The Fourier transform of the first

electric field is [Wu et al., 1975, Fq. (13)]:

= T 2 y 2 i
Ezl = (iIQa/Znucz)[kz(l + AO/kbb"a) -7 (3) 1
) where ?
2 2 2 j
=l.a *b =P i
R, = cosh (LD ) |
(1, (1)
HO (kAb) © on m Hm <k4b)
g mopppeeen i f | Ko d e )
Hl (kbb) m=1 b Hm+l(k4b)
with
x, = 2D {7 + 0 - a?) - [ + 07 - &) - w2 (6)

The Fourier transform of the second field is [Wu et al., 1975, Eq. (7a)]:

Eig) = [(-D™1T/2mue, ][ = £7)<h(r,0)> + (kg/kab)<A(r,9)>c] , m=0,1

)
where m = 0 applies when the two wires are driven in phase by equal voltages
(symmetrical or :ero-phase-sequence excitation) and m = 1 applies when the
two wires are driven by equal voltages 180° out of phase (antisymmetrical or
first-phase-sequence excitation), <Q(r,e)>c and <A(t,e)>c are average values
of Q(r,6) and A(r,9) [Wu et al., 1975, Eqs. (7b), (7c)] evaluated on a circle

of radius a, centered at r = D and § = 200. This circle is denoted by C, and

the averages are just equal to their values at the center of the circle, in




this case at r =D, 6 = 200:

2 2 4
1 (DXO) - 2b ﬂxq cos 2?0 + b
<Q(r,0)>C = Q(D,Eﬂo) = = il = 1 (8)
2 e S N 2
b7 (D "DXO cos ~60 + XO)
ngl)(k,b) ®  Dx, m U;])(kAh
<A(x,0)>. = A(D,28,.) = e B B 2 (——) ———— cos(2mb,) (9)
g o et oy TR p 1) (g gy 8
1 Ea : ™l 4

The total field on one wire is:
=(m) = =(m)

= E + E
Ez Ezl I22

= (iI/2mwe ){}’2[0 + (-1)mo(n 20.)] - rz[o 4+ (_1)mq(n 26, ]
AR ES e e GO g Dy 204

2 m s
+ (/Kb [8y + (-1)7A(D,20)1F , m=0, 1 (10)
When tihe conductors are driven by unit delta-function generators at z = 0,
E = ~1 on the wire. The substitution of this value in (10) yields the

_ =(m .
transform of the current, I( )(C). It ds

-2wiwe,
1™y = : o S , m=0,1 (11)
(™ = [k 71 (e + (1) a(,2¢,)]
where the phase-sequence wave numbers kfm) are given by

T
5 By + (-1)’u(n,2&0)
=kf1+ = } s m:O’} (‘.“r‘)

2 : : :
(k,b) [ + (-1)”:(n,:00),

2

k™)

The current distribution along each of the center-driven coupled dipoles cf
lenpth 2h located as shown in Fip. 2 in an insulating repion 2 which is im=-
mersed in a relatively dense repgion 4 is piven by the transmissicen-line for-

mula:

My .. Y

(() 7 sin ky ‘(b = |z])
27'(m\

¢

-{V

1'%y - . m= 0, ] (13)

cos(ilh)
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(m)

where V0 is the phase-sequence driving voltage,
(m) m
(m) CZkI [Qa + (-1) Q(n,zeo)]
Zc = - T , m=20, 1 (14)
2
1 /2

is the phase~-sequence characteristic impedance, and g, = (uz/cz) is the
complex wave impedance of region 2. For air CZ = 120m ohms, Kk, =afc, ¢ =

3 x 108 m/sec.

With m = 0 in (12) and (14), the two conductors are driven in phase bv

equal emf's, Vl = V2 = VSO), and the currents are identical, Il(z) = T,(z) =
I(O)(z). With m = 1 in (12) and (14), the two conductors are driven 130° out
of phase by equal emf's, Vl = —V2 = Vél), and the currents are equal in map-

7 . . 3
nitude but oppositely directed, Il(z) =T Gmy= I( )(z). Note that these re-
sults are readily generalized to give the currents in a two-wire linc in a

tunnel of circular cross section [VWait, 1975].

3. TWO HORIZONTAL WIRES OVER A HNALF-SPACE

The solution obtained in the previous section can now be used to find
the properties of two horizontal wires over a half-space. The first step is

to determine the quantities Qq, Q(ﬁ,ﬁ?n) and i(D,ZF”) in the limit b -+ o,
< J

AO’
D+ o with d= (b - D) fixed and finite. The first two quantities are given

in [King et al., 1974]. They are
2 cosh™ (d/a) ¢ tn(2d/a) (15)
> -5 i '
bo/% b 2T(2),d,0) Q6)

vhere d is the distance from the axis of the wire in air to the plane bound-
ary between the air (repion 2) and the material half-space (region 4). Also,
T(A,B) is given by Eq. (Al3) in [King et al., 1974]. An equivalent form is

2 2 Kl(A - 1R)

- B m

s ds Tl

T(A,B) = Y (R + 1A) + E (B + 1A) = 2/x]

2 9 =
(A2 + B

L 4 . e _
- ooy G - 1) +E B - 1A - 2/7] 17)
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(The form in Eq. (Al3) of [King et al., 1974] is T(A,B) = (A2 - Bz)/(A2 + 32)2
- Kl(A - 1iB)/(A - iB) + iIm[n/2(A - 1B)][Y1(B + 1A) + El(B + 1A) - 2/7).
This is equivalent to (17) when A and B are real. However, since the sum of
integrals which yield the two equivalent expressions for T(A,B) when A and B
are real is an analytic function, and the form (17) is also an analytic func-
tion, it follows by analytic continuation that (17) is also valid for complex
values of A and B. Use of this fact was made by ¥ing et al.[1974] when Eq.
(Al17) was used to obtain the expression (28) for kL in which A = Zkad is com-
plex when k4 is complex.)

In (17) Kl(z) is the modified Bessel function of the second kind and
Yl(z) is the Bessel function of the second kind, both of order 1. The func-
tion El(z) is the Weber function defined by the series

E)(2) = 2/m) - 2273 + 2745 = 2871575 + 28799225 - ...) (18)

When this is inserted in (17) and use is made of the relation Kl(z) =
-(wIZ)Hil)(iz),

(1) '
A2 ¥ Bz L Hl (B + 1A) - YI(B + 1A) Yl(B iA)

T(A,B) = + 5 + 71 - -
W +82 2 BFIA ' "B+ 1A B - 1A

+2 7 1+ T Chagh T
n=1

2:1-1]an (19)

where a = -1/3 and a = --an_l/(lm2 - 1). When B = 0, (19) reduces to Eq.

(A17) in (King et al., 1974]. For large arguments, i.e., |B + 1A| >> 1, (19)

is well approximated by

T(a,B) & (a2 - 8572 + 81)? = (Y24 - 1) Y2 A= 1By 4 3/8(a - 1B)
- 15/128(A = 1B)2 + vuu] = (1/2)[(B + 1A)" L + (B + 14)70 = 3(B + 1A)™

458 + 1)~ + oo ]+ (1/2) (B =18t 4 (B - 173 - 3B - )

* A508 = EAY™T % vae) (20)
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To evaluate Q(D,Zeo) in the 1limit b + ©, D + « with d fixed, note that
Xy * (b - d) = D. The distance L between the two wires i3 related to the

angle 60 by L = 2b80. Since 260 = L/b << 1, it follows that

cos 26, & 1 - (zeo)z/z -1 - t2/2p° (21)

In the limit b + =,

1 - 2’0 - 12y + B
Q(p,28,) + 3 inf 55 5 57 = }
b°[D” - 2D“(1 - L°/2b7) + D7)
2
¥ 2@+ adnh (22)
Similarly,
“(1)(kab) T b-d,2m :1)(kab)
A(D,26.) * ———B 42 T ¢ ) ‘ cos (2m8 )
0 1 b) Bt b 1 (1) ,b) v
1 4 - B ¢
v 2 éi;(kab‘
= lim {1 + 2 Z (1~ afby~" —733————- cos[2(m - 1)6,]}
b+ m=2 (k,b)
D—m
; kP oy B LGB - m 2,1/2
= 1im {1 +2 )} @A -d/B)] - ]
B e X kLr,
Do
: x cos[2(m - 1)8)] +2 ] (1 -d/b)™ [ ]
Kb };/ h
4 +
x cos[2(m - 1)90]} (23)
where use has been made of the following approximations:
B GV v e+ 1iam? - 1Y, kpow @)
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1/‘

0 ., - S : 4 g
M2 (kD)1 (kb)Y v {m - [m” - a0 a0, kb <n (25)

4

The sum in the expression (23) can he converted into integrals with the sub-

stitutions x = m/kab, dx = I/kéb. Also,

(1 - d/b)2m = exp(-2md/b) = exp(-ixkad) (26)
m+ 107 - o?)t? A
K =x+ 1i(1 - x7) (27)
b
4
N (Y Sk b : ,
= = x - (x” -1)"" (28)
b
4
cos[2(m = 1)gy] = cosl(m = DL/b] = cosli,L{ 0 = o) 1 2 coslk, (29)
4’ 4
With A = 2k4d, B = kAL and (26)-(29), it follows that (23) becomes
% 1/2, -Ax
A(D,20.% = 1 & 2k, bl | [x + i€l = ) Je cos Bx dx
4] 4 0
i P
+ f [x - (x° - 1)1/"]e X cos Bx dx} (30)

In the limit kkb + o the first term vanishes and from Aprendix A of [King
et al., 1974] (30) yields

8(D,264) /k,b = 2T(2k, d,¥ L) 3D

where T(A,B) is given by (17).

The determination of Q a0 Q(D, 29 A /k b, and A(D,28 )/k b is now conm-

plete. Substitution of these quantlties piven, reapectively, bv K1), K223

(m)

(16) and (31) into (12) - (l4) pives the wave number k , the current dis-

., (m)

tribution I( )(z) in the antenna, and the characteriqtic impedance bc

for

this structure.

18

8. COICIUSION




4, NUMERICAL RESULTS

The propagation constant kém) given by (12) has been calculated for a

palr of wires with equal radii a = 1.5 mm, excited by a source operating at

the frequency f = 300 MHz. The wires are placed in air [so that k, =

1/2 172 . 2

w(uoco) and Ly, = (uo/eo) = 1207 ohms are both real] a distance d above

a half-space with d/A2 ranging from 0.025 to 0.13; A, = 21r/k2 is the wave-

2

1 length in air. The wires are separated by a distance L ranging from 0.1A2

to 1.2x2.

m), _ ,m, (m)
L /Lz BL /kz + iaL /k2 is shown

in Fig. 3 for the case when the lower medium is fresh water characterized by

The normalized complex wave number k

o = 0.09 Si/m, u = Ho and € 81. Note that both the real propagation con-~
stant Bim) and the attenuation constant aim) are sensitive to the spacing and
the relative phase of the two currents on the wire. The phase and attenua-
tion constants for the first-phase-sequence or antisymmetrical mode are al-
ways smaller than those for the zero-phase-sequence or symmetrical mode. A
similar result has been obtained by Wait [1975] for a pair of wires placed

close to the walls of a tunnel.

The normalized phase and attenuation constants, Bim)/k2 and a:m)/kﬁ, are
shown in Fig. 4 for the case when the lower medium is sea water characterized
(m)

by 0 = 4,2 Si/m, u = M, and By ™ 81. It is observed that BL

comparable to the corresponding values for fresh water, whereas a

/k2 is quite
ém)/kz is
smaller by approximately a factor 2 in the presence of the sea water than in
the presence of the less conducting and predominantly dielectric fresh water.
Actually, for the same current in the wires, about twice the power can be
transferred to the fresh water in which it propagates outward as radiant

energy than to the sea water in which it is rapidly dissipated as heat.

5. GENERALIZATION OF THE THEORY TO GREATER ANTENNA HEIGHTS

The theory of the horizontal-wire antenna [King et al., 1974] as derived
from the theory of the eccentrically insulated antenna [Eg et al., 1975] im=-
plicitly neglects radiation into the air (region 2) as compared with the
power transferred and radiated through or dissipated in the earth (repion 4).
This is an excellent approximation when the inequality lkzd] << 1 is satis-

fied. For antennas with open ends this condition is quantitatively piven by

39
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k,d < 0.3 or d/)\2 < 0.05. The present formulaticn of the theory of coupled

horizontal-wire antennas involves the same restriction for the same reason.

In a recent paper [Scrbello et 21., 1977] it is shown that approximate 1

account can be taken of radiation into region 2 from a sinple horizontal-wire

antenna by means of a suitablv derfined ternmirating impedance Zs across the
open ends of the antenna and that when this is dene the condition !k2d| << 1
can be relaxed to lkzd] s ar d/A2 < 0.16. The same generalization can be
carried out for the two coupled horizontal-wire antennas. The peneralized

form of the phase-sequence currents in the two antennas when center-driven

with the voltages V, =V, = Véo) for the zero-phase sequence or V1 = =V, =
Vél) fer the first-phase sequence is
7™ ™ - (2] + 165
(m) - 0 1L s
3 (z) = & ™ iy PR LR (32)
2Z cosi{k. “h + 16" )
c L S
where
(m) (m) (m) _ -1, (m) ,,(m)
OS il ibs = coth (LS )/Ac Y ¢ m=0. 1 (33)

(m)

is the complex terminal function. Its real part p

., (m) (m)

takes account of the

dissipation in Z , its imaginary part @ involves the reactive part of

s s
m 3 m ;. s . (m)
ZE ). For open ends, oi ) is a measure of the radiation into repion 2, "E F
coerracts for the capacitive end effect. For short-circuited ends (ideally
P $ 4 s m m
infinite conducting planes perpendicular to the antennas), cf . 0, Ai )

S o

/2. With images the antennas are effectively infinitely long and there is

(m)

no radiation into region 2. With terminated ends 7 consists, for example,

: . 3 (m) .
of a lumped resistor in series with a quarter-wave monopole and ey = takes
account of dissipatijon in the resistor and radiation from the open-ended
monopole. The terminal functions o, and és for both phase sequences are

closely related to the complex reflection coefficient TS = 'Tq!uxh(-i; ) A
S § i S
the ends of the antenna. Specifically, [FS! = exp(-Zoq) and Y. ™ ~2¢g
It is shown in [Sorbello et al., 1977] that the theoretical values of
the complex wave number k1 = ?T + 1aI are in excellent apreecment with meas-
ured values for the single antenna over the electricallyv dense half-space,

region 4. It Is reasonable to assume that the same is true for the coupled

M) ) Y
antennas. Hence, the values th) = H{n) + iaf" and V(H’ with m = 0, 1 are
L ’ c




calculated from (12) and (14) for substitution in (32). It follows that the

theoretical normalized distribution of current is completelv determined ex-
(m)
@ _ (@) _ )
s ] s

has yet been developed for determining these theoretically. Accordingly,

cept for the unknown values of 6 Unfortunately, no method
they are evaluated with a curve-fitting technique based on the method of
least-square errors from experimentally and theoreticallv obtained current
distributions. This is discussed following a brief description of the meas-

urement of current distributions.

6. DESCRIPTION OF THE EXPERIMENT

Current distributions were measured on coupled antennas placed over a
large indoor water tank. A sketch of the experimental facility is showm in
Fig. 5; Fig. 6 snows the block diagram of the setup. The antennas are nade
of brass tubing with 3 mm outside diameter. The current probe travels aicng
one of the antennas and the signal is led through a coaxial cable inside the

brass tube. BRoth antennas are one meter long when operated with open ends.

With terminated ends, each load consists of a resistor (with d.c. resistances
of 220, 270 and 330 ohms, respectively, for heights d/Xx, = 0.025, 0.0775 and

0.13) and a quarter-wavelenpgth section of brass tubing.

Salt was mixed with the water in the tank to vield a conductivity of
o = 0.09 Si/m, which was later increased to ¢ = 4.2 Si/u for a seccond set of
measurements, The relative permittivity of the solution was ¢c_ = 81. Three

E
values of d, the height of each antenna above the surface of the water, were
used in the experiment, namely, 0.025, 0.0775 and 0.13 m. The distance L be-
tween the two antennas was varied to include the following six values: 0.23,
0.30, 0,40, 0.50, 0.66 m, and infinity (single antenna). Details of the con-
struction of the pgrcound plane, the water tank, and discussions of their ox=-
perimental characteristics are given elsewhere [iszhgl}g, 1976].

The experiment was carried out at f = 300 M!z. The wave number corrc-
sponding to the mixture with o = 0.09 Si/m is k& = (56.55 + 11.88) m_l, and
that corresponding to ¢ = 4.2 Si/m is ka = (82.61 + 160.22) m-l. In compari-

-1

son, the wave number in air is k, = 6.28 m ",

In order to drive the two coupled antennas in the zero-phase sequence,

the applied voltages must be ecqual in magnitude and In phase, i.e., V, = V_,

1
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For the first-phase sequence the two voltages must be equal in mapnitude and
180° out of phase, i.e., V1 = -Vz. The adjustments for the first-phase se-
quence were made with the help of a monitor (moncpole probe) midway between
the two antennas as shown in Fig, 6. The relative amplitudes and phases of
the voltages applied to the two antennas were varied until a null or deep
minimum signal was observed in the output of the monitor. The adjustment for
the zero-phase sequence involved first the adjustment for the first-phase se-
quence followed by the insertion of a 50 cm (i.e., a half-wavelength) long
section of air line in the feed line of one of the antennas to shift its
phase by 180°. The adjustment was checked with a small loop substituted for
the monopole as the monitor. A null or deep minimum signal from the loop in-

dicated that both antennas were driven in phase.

A total of 100 sets of current distributions were measured with a small
loop moved along a slot in the antenna. The amplitude and phase of the cur-
rent were recorded for each point. Typical measured distributions for two
identical parallel antennas with open ends are shown by the successions of
points in Fig. 7. For this particular set of data, the antennas were sepa-
rated by the distance L = 0.3A2 and were each at the height d = 0.0775A2
above salt water with o, = 4.2 Si/m and €

4
7 are the measured points for the zero-phase sequence, the crosses for the

e 8l1. The small circles in Fig,

first-phase sequence. Also shown in solid dots 1is the current distribution

for infinite separation, i.e., for one antenna alone.

7. EVALUATION OF TERMINAL FUNCTIONS; COMPARISON OF THEORY AND EXPERIMENT

The theoretical formula (32) for current applies directly to a monopole
when the factor 2 in the denominator is deleted. As already stated, all

quantities for the currents in the antennas for the two phase sequences are
(m)

s ’
analytically derived formulas are available. Accordingly, they have been

known except the complex terminal functions 8 m= 0, 1, for which no

determined to provide the hest agreement between current distributions cal-
culated from (32) and the corresponding measured ones of which those in Fig.
7 are an example. This is accomplished by normalizing the amplitude of the

theoretical current to coincide with the experimental data at z = 0.25), or

L

z = O.75A2 - whichever yields better results - and then varying fim) {or,

(m)

equivalently, the complex reflection coefficient Tq

) to establish a fit
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between the theory and the experimental data in the sense of least-square

errors. The details of this procedure are outlined in the Appendix. In ef-

(m) g (m)
S

fect, it ylelds measured values of T or which can then be substituted

s
in the theoretical formula. Typical distributions of current obtained in this
manner are shown in Fig. 7 where the theoretical dotted curves have been
matched to the measured points shown by small circles for the zero-phase se-
quence and the theoretical dashed curves have been matched to the measured
points shown by crosses for the first-phase sequence. Poth sets of curves

are for distances between the antennas of L = 0,3) The solid line curves

2.
also shown in Fig., 7 have been fitted to the measured dots for the sinple an-
tenna corresponding to infinite separation. All graphs in Fip. 7 apply to

antenna heights of d = 0.0775X,. Similarly good apreement between the theor-

o (m)

etical currents with measured OS and measured currents have been cbtained
for other heiphts and distances between the coupled antennas. The results

are surmnarized in the graphs of Figs. 8 and 9 which show the measured valiues
m (m) ; m
of gé N 54T gal )

as a function of L/X, for coupled antennas with open

ends over lake and sea water., When these values are substituted in (32)

’
theoretical currents in good apreenent with measured values are obtained for
antennas cver water with conductivities of 0,0% Si/m and 4.2 Si/m The
former is only slightly more conductine than many lakes, the latter corre-

B 2 ’

sponds to sea water.

A further check on the least-square determination of 87 = p - 17
m= 0, 1, is obtained in its application to terninated antennas. With termi-
nations consisting of a suitably chosen lurped resistor to obtain an optinur
match in series with a quarter-vave extension of the horizontal-wire antenna
essentially travelinc-wave distri'mtions of current can be achieved with cur-
rents decreasing only slightly in amplitude over the entire length of the an-
tenna from the driving point to the resistor and a linear chance in phasec.

An example 1s showvn in Fic., 7 eof [Sorbello et al., 1977].) Theorcticallv
| L ’ ! /

a perfectly terminated anteana is characterized by B = = With both Z. =
R s

R, -1X and 2 = R (1 + i$ ) complex, the general formulas relating 7 and
s s c c c

[49]

Zc with p _ and és are involved. They are piven by [ling, 1965]:

R = X sinh 2p
s c'e 5
r, = — = — —— (34)
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For the case at hand involvine coupled antennas wvith
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8. CONCLUSION

The theory of the horizontal-wire antenna over an electrically dense
half-space is extended to parallel coupled antennas. The distributions of
current have the simple transmission-line form with different complex wave
numbers and characteristic impedances for the symmetrically and antisymmetri-
cally driven antennas. Currents with arbitrary driving voltapes can be ob-

tained by superposition.

The simple transmission-line form for the currents in coupled horizon-
tal-wire antennas with open ends in air over a dissipative or dielectric
half-space is generalized by the addition of a terminating impedance ZS that
takes approximate acccunt of radiation into thie air and simultaneously pro-
vides the capacitive end-correction at the open end. The terminating imped-
ance, expressed in terms of the terminal function 95 e T i¢s, is deter-
mined by fitting measured currents to the theoretical ones. In addition to
evaluating the terminal functions, the form of the theory is confirmed by the
good agreement between theoretical and measured currents for open-ended an-

tennas and the pood apreement between theory und experiment in the terminal

functions for travelinp-wave antennas.




9, APPENDIX

In this Appendix the application of the least-square-error method is

described.

Let z denote the position of the probe with reference to the driving

point and An denote the amplitude of the current measured at Z.. The theo-

retical current is given by

ig. z =~a z -1 2z a,z
I(z) = IO(e L e ko Re L e k )

12k_h

(A1)

where R = T e and B, + ia. = kl; FS is the complex reflection coeffi-

L L

cient at z = h., The value of kL is known theoreticallv. The absolute value

of 1(z) is

-a,z -128.z 2a. .z
|1¢2)| = ‘loze © 1 - re e

Matching II(z)I with Arl at n = n, where z = Zg pives

-z -i128 =z 202
ILIQ L0 Il—Rf’— L0 L 0| « &
0 o
Thus,
S8 ~£28 2. 2;.z. =1
i s 22 R )
0
or
eaL(zo- -, |1 . 'p-iZBLz eZaLZ!
|I(Z)| i -i28_z 20.2 A“0

[1 - Re 4 e £

The mean-square-error between the theory and the experimental data is

1 © 2
E=2 i )] ~ A
n=1

-2a.h
where II(zn)I is given by (A5). By varving |R| from O to e * and the

(A2)

(A3)

(A4)

(A5)

(A6)

phase




Y of R from O to 2n, the value of R corresponding te the minimum mean-square-
error is obtained. The complex terminal function Os is calculated from R

using the following equation:

98 = -[(1/2)%n R - ikLh] = =(1/2)2n YS (A7)
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B. Measured Currents on Two Coupled Collinear Beverage Antennas

Two Beverage antennas were arranged in a collinear configuration as
shown in Fig. 1. The monopole was 1.0 m long to the terminating resistor
and extended a quarter wavelength beyond this. The collinear, asymmetrical
dipole was terminated with a resistor a quarter wavelength from each end.
The forward arm of the dipole was one meter long to the resistor and ex-
tended bevond it a quarter wavelength; the backward arm consisted of the re-
sistor and a section beyond it a quarter wavelength long. The height d of
the antennas above the surface of the water was fixed at either 13 cm or 2.5
cm. The three resistors used to terminate the antennas were each 330 Q for
d = 13 cm and each 220 @ for d = 2.5 cm. The separation g between the adja-
cent ends of the antennas was set at approximately either 1.5 cm or 18 cm.
The conductivity of the solution was measured to be 0.09 Si/m for the first

set of measurements, and was later changed to 4.2 Si/m for a second set.

Since the input impedance of the terminated monopole is approximately
half that of the terminated asymmetrical dipole, it was necessary to intro-
duce a 6 dB attenuator into the feedlire of the monopole in order to main-
tain the same current amplitudes in the two collinear antennas. A phase
shifter was used to adjust the relative phases of the two driving voltages.
A symmetrical excitation with both antennas driven in phase with currents of
equal amplitude wa = obtained with a 50 cm air-filled coaxial line inserted
in one of the feedlines. Removal of this 50 cm line yielded ancisymmetrical

excitation with the two currents equal in amplitude but 180° out of phase.

The feedline for the dipole was completely submerged in the water tank
to reduce interference with the antennas. Because of the attenuation ex-
perienced by fields in the water solution, no detectable change in the cur-
rent distributions could be observed when the submerged cable was moved from

one position to another.

Results of the measurements are summarized in Tables 1 through 5. It
is seen that a coupling effect is in peneral negligible. The greatest effect

was observed when the antennas were quite high above the lossy medium (d =
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O.IRAO) with their adjacent ends separated from each other by a small pap

g = U.U!iu) and when the medium had high conductivity (o = 4.2 Si/m). Fven
in this case (Table 4) the mutual interaction caused a change of no more

than 10° in the phase and no more than 1 dB in the amplitude of the current

at a few points along the antenna as compared to the current on a single,
isolated Peverape antenna. The coupling decreased as the pap ¢ was increased,
as the height d was decreased, and as the conductivity o of the water was re-
duced.

In general, the currents on driven Reverage antennas in the collinear

position are largely independent and like those on the same element when iso-

lated.
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CURRENT ON MONOPOLE IN COLLINEAR ARRAY OF TWO BEVERAGE ANTENNAS
(Amplitude/Phase)

TABLE 1

d=2.5cm, g=1.2 cm, 0 = 0,09 Si/m

o Symmetrical
Excitation
.10 5.5/38°
» 15 5.5/18°
.20 5.5/-1°
«Z5 5.5/-19°
«30 5.4/-36°
«35 5.2/-52°
.40 4.9/-71°
45 4.6/-91°
.50 4.4/-112°
55 4.3/-133°
.60 4.3/-153°
.65 4.4/-172°
.70 4.4/172°
«75 4. 4/157°
.80 4.2/140°
«85 3.9/123°
+90 3.7/104°

Single
Monopole
5.5/37°
5.7/16°
5.5/-3°
5.5/-21°
5.5/-39°
5.3/-58°
5.0/-74°
4.7/-94°
4.5/-117°
4.5/-137°
4,5/-157°
4,6/-174°
4,7/170°
4,6/155°
4.3/139°
3.8/121°
3. 6/103°
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Anti-Symmetrical

Fxcitation

5.6/39°
5.6/20°
Y g
5.5/-16°
5.3/-33°
5.1/-51°
4,8/-70°
4.5/-90°
4.3/-111°
4,3/-131°
4.3/-151°
4,3/-169°
4.3/174°
4.3/158°
4.0/142°
3.7/123°
3.5/103*°




TABLE 2

CURRENT ON MONOPOLE IN COLLINEAR ARRAY OF TWO BEVERAGE ANTENNAS
(Amplitude/Phase)
d=13cm, g=1.5cm , 0 = 0.09 Si/m

3 Symmetrical Single Anti-Symmetrical
Excitation Monopole Excitation
.10 5.1/29° 5.5/33° 5. 3/37°
«15 5.4/6,5° 5.5/13° S
.20 5.6/-13° 5.5/=6° 5.5{0°
25 5.9/-29° 5.6/-22° 5.5/-18°
.30 6.0/-44° 5.5/-39° 5.3/-36°
«35 6.0/-58° 5.3/-57° 5,1/=55°
40 5.5/-74° 5+1f=25° 5.0/-75°
« 45 SeX/=92° 4.9/-95° 5.0/-95°
«50 4.6/-113° 4.8/-116° 4.9/-116°
o 3 4.6/-135° 4,9/-135° 5.2/-134°
.60 4,6/-158° 5. 0/=155" 5.2/-151°
.65 4.,9/-178° 5.1/=-172° 5.3/-167°
«70 5.2/165° 5.3/1712° 5.2/178°
Ny & 5.5/15%° 5.3/156° 5.2/162°
.80 55 /137" 5.1/140° 4.9/144°
«85 5«3/123° 4.,97122° 4.6/127°
.90 5.0/107° 4.7/104° 4.4/106°
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CURRENT ON MONOPOLE IN COLLINEAR ARRAY OF TWO BFVERAGE ANTENNAS

«50
«55

.65
.70
«75
.80

.90

TABLE 3

(Amplitude/Phase)

Symmetrical

Excitation

5.4/34°
5.5/13%
5.4/=7°
5.6/-24°
5.6/-41°
5.5/-58°
5.4/-75°
5.2/-93°
4.9/-113°
5.0/-133°
4.9/-152°
5.0/-171°
5.2/172°
5+4/155°
5.2/140°
5.0/123°
4.7/105°

d=13cm , g=18 cm , 0 =

Single
Monopole
5.5/33°
5.5/13°
5.5/-6°
5.6/-22°
5.5/=39°
5.3/=57°
5.1/-75°
4.9/-95°
4.8/-116°
4.,9/-135°
5.0/-155°
5.1/-172°
5.3/172°
5.3/156°
5.1/140°
4,9/122°
4.7/104°

0.09 Si/m

Anti-Symmetrical

Excitation

5.5/34*
5.5/14°
5,6/-5°
5.6/-22°
5.5/-39°
5.4/-56°
5.2/-74°
5.0/-94°
4.9/-115°
5.1/-135°
5.2/-154°
5.3/-171°
5.4/173°
5.5/158°
5.4/141°
5.0/125°
4.8/106°



TABLE 4

CURRENT ON MONOPOLE IN COLLINEAR ARRAY OF TWO BEVERAGE ANTENNAS
(Amplitude/Phase)
d=13cm, g=1.0cm, 0 = 4.2 Si/m

«35
.40
45
«50
c 55
.60
.65
.70
«75
.80

«90

Symmetrical
Excitation

6.6/7°
6.9/-16°
7.3/-36°
7.8/-52°
8.0/-67°
7.9/-81°
7.5/-96°
6.9/-114°
6.3/-134°
6.2/-156°
6.2/-179°
6.5/160°
6.9/143°
7.4/128°
7.3/113°
7.0/98°
6.6/82°
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Single
Monopole
1o 3127
7.5/-8°
7.4/-26°
7.4/-43°
7.2/-61°
7.1/-78°
6.9/-97°
6.7/-117°
6.6/-137°
6.8/-155°
6.9/-174°
7.0/169°
7.0/152°
b/ 1355
6.8/118°
6.5/101°
6.3/82°

Anti-Symmetrical

Excitation
7.6/15°
7.6/=4°
7.4/=21°
7.2/-38°
7.0/-57°
6.8/-76°
6.7/-97°
6.77/-117°
6.9/-136°
7.3/-155°
7.4/-171°
7.3/172°
222/ 158"
7171417
6.6/123°
6.2/103°
6.0/81°
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TABLE 5

CURRENT ON MONOPOLE IN COLLINEAR ARRAY OF TWO BEVERAGE ANTENNAS
(Amplitude/Phase)
d=13cm, g=17 cm , 0 = 4,2 Si/m

Symmetrical Single "~ Anti-Symmetrical

£ Excitation Monopole Excitation
.10 6.9/13° 7.3712" 7.4/12°
.15 6.9/-11" 7.5/-8° 7.6/-9°
.20 6.9/~28° 7.4/-26° 7.6/-27°
.25 7.1/-46° 7.4/-43° 7.7/-44°
.30 7.1/-62° 7.2/-61° 7.6/-61°
.35 7.0/-80° 7.1/-78° 7.4/-79°
3 .40 6.8/-97° 6.9/-97° 7.1/-98°
ko .45 6.6/-115° 6.7/-117° 7.0/-118°
| .50 6.3/-135° 6.6/-137° 7.0/-137°
3 .55 6.4/-155° 6.8/-155° 7.3/-157°
] .60 6.4/-175° 6.9/-174° 7.4/-175°
.65 6.4/166° 7.0/169° 7.5/168°
.70 6.6/149° 7.0/152° 7.5/152°
.75 6.9/132° 7.1/135° 7.7/136°
.80 6.8/115° 6.8/118° Te3/119°
.85 6.6/99° 6.5/101° 6.8/101°
.90 6.3/80° 6.3/82° 6.5/82°
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